OBJECTIVE: To provide U.S. case-based preeclampsia health care cost estimates for mothers and infants from a U.S. payer perspective, with comparisons with both uncomplicated and hypertensive pregnancies.
mortality. 4 The rate of preeclampsia and eclampsia in the United States has been increased by an estimated 21% from 2005 to 2014, consistent with increases in preeclampsia risk factors of obesity, maternal age and diabetes. 5 The only consensus treatment is delivery, regardless of the gestational age. 3, 4 Development of preeclampsia (before 37 weeks of gestation) often results in preterm birth, which plays a primary role in perinatal morbidity and mortality 6 ; thus, the extra days and weeks of gestational age are critical for infant health outcomes.
To date, there has been limited comprehensive evaluation of the economic burden of preeclampsia. Therefore, the objective of this study is to provide U.S. case-based preeclampsia maternal and infant medical care cost estimates compared with uncomplicated pregnancies and pregnancies in women with hypertension (but not preeclampsia) from a payer perspective using primary case data.
ROLE OF THE FUNDING SOURCE
The study was funded by Progenity, Inc. A contract was executed between Progenity, Inc. and Geisinger in the form of milestone payments for agreed on study activities. Payments made to Geisinger covered the salary of Geisinger research investigators and staff who are part of the research team of this study as well as indirect costs. Funding was also used to reimburse the 2018 International Society for Pharmacoeconomics and Outcomes Research conference expenses where the lead author presented preliminary findings of this study. Lastly, funding will be used to cover potential manuscript publication fees. The report and manuscript of this study and the study design have been reviewed and approved by Progenity, Inc. and they approved the decision to submit the article for publication, however they were not involved in the study design development and implementation, or the collection, analysis and interpretation of the data. I affirm that this manuscript is an honest, accurate, and transparent account of the study being reported.
The authors had access to relevant aggregated study data and other information (such as study protocol, analytic plan and report, validated data table, and clinical study report) required to understand and report research findings. The authors take responsibility for the presentation and publication of the research findings, have been fully involved at all stages of publication and presentation development, and are willing to take public responsibility for all aspects of the work. All individuals included as authors and contributors who made substantial intellectual contributions to the research, data analysis, and publication or presentation development are listed appropriately. The role of the sponsor in the design, execution, analysis, reporting, and funding is fully disclosed. The authors' personal interests, financial or nonfinancial, relating to this research and its publication have been disclosed.
METHODS
The study was conducted using data from retrospectively identified women who delivered at Geisinger Health System, an integrated delivery system in central and northeastern Pennsylvania. The data sources used included the health system's electronic health record and billing data for payment amounts received and payer information. The initial study inclusion criteria were all mother and infant pairs from singleton pregnancies at 20 weeks of gestation or greater starting January 1, 2010, with delivery dates on or before December 31, 2015. Mother-infant pairs were classified into three pregnancy cohorts: women with uncomplicated pregnancies, which was restricted to full-term pregnancies with no complications; women with hypertension; and women with preeclampsia. The approach used to define the three pregnancy cohorts was based on an unpublished study design by Phibbs and others (Appendix 1, available online at http://links.lww.com/AOG/B635).
Before development of the three pregnancy cohorts, exclusion criteria were applied based on the availability of the mother's weight and height to calculate maternal prepregnancy body mass index (BMI, calculated as weight in kilograms divided by height in meters squared) estimates (Appendix 2, available online at http://links.lww.com/AOG/B635). Patients with prepregnancy weight less than 80 pounds were excluded owing to possible data entry error. Additional inclusion and exclusion criteria arising from data validation processes were applied to all three cohorts by analyzing the distribution of costs and reviewing allowed amounts from Geisinger Health Plan claims data (Appendix 3, available online at http://links.lww.com/AOG/B635). Pregnancies were excluded if the mother's delivery encounter cost was less than $1,200 or greater than $30,000, or the infant's first hospitalization event cost was less than $100/day or greater than $1,000,000 in total. These cost exclusion criteria are consistent with earlier peer-reviewed published studies. 7, 8 Further, pregnancies were included only if there was a delivery encounter in both the mother and child encounter files. Also, if a mother had more than one pregnancy eligible for inclusion, only the first pregnancy was included. Finally, based on the results of a chart review of a sample of selected cases, pregnancies for which the initial diagnosis of preeclampsia or hypertension originated in the Emergency Department were excluded as they were consistently less accurately coded. We obtained Geisinger Institutional Review Board approval for this study.
We used a matched control cost-of-illness methodology 9 to estimate the direct health care cost burden of preeclampsia. Three study cohorts were matched using a 1:1:1 ratio based on maternal age (younger than 20 years, 20-34 years, 35 years or older), parity, obesity status (BMI less than 30 or 30 or higher), and the mean of the Charlson Comorbidity Index scores. Age, parity and obesity are risk factors for preeclampsia and are associated with health care costs in pregnancy independent of developing preeclampsia. 10, 11 The Charlson Index Scores account for the patients' general comorbid conditions that are associated with costs not relevant to preeclampsia.
The study analytic horizon was from 20 weeks of gestation to 6 weeks postpartum for the mother and 12 months postdelivery for the infant. All maternal and infant costs per pregnancy were estimated using 2015 U.S. dollars. The differences between the mean maternal and infant costs in the preeclampsia cohort and the uncomplicated and hypertension cohorts were calculated to estimate the incremental cost of preeclampsia compared with uncomplicated pregnancies and women with hypertension, respectively. Pregnancy cases were also stratified by week of gestational age at birth and by payer (commercial, Medicaid, and other) to estimate and compare costs among the three cohorts. Besides costs, birth-related outcomes including gestational age at delivery, the frequency of adverse maternal outcomes during pregnancy and adverse infant outcomes of higher prevalence were reported using corresponding International Classification of Diseases, 9 th Revision codes identified in a recently published preeclampsia cost study 12 (Appendix 4, available online at http:// links.lww.com/AOG/B635).
Maternal adverse events in our analysis were limited to renal failure, eclamptic seizure, thrombocytopenia, and severe intrapartum and postpartum hemorrhage. The infant adverse events included delivery for fetal distress, respiratory distress syndrome, bronchopulmonary dysplasia, retinopathy of prematurity (stage greater than 3), necrotizing enterocolitis, Bell's (grade greater than 2), intraventricular hemorrhage (stage greater than 3), and sepsis. Finally, we compared delivery event length of stay (LOS) for both the mother and infant.
Costs for each of the three cohorts were compared using a generalized linear regression model with a log-link function and gamma distribution.
Frequencies of cesarean delivery and adverse events were summarized and compared using x 2 tests, and the mean gestational age at delivery and LOS were compared using analyses of variance. Owing to small sample size, only descriptive statistics in subgroups stratified by gestational week were presented; inferential statistics to compare statistically significant differences among cohorts were only conducted on the 3 cohorts at the overall level.
RESULTS
The initial study population included 16,545 mother-infant pairs. After applying all inclusion and exclusion criteria, the uncomplicated, hypertension, and preeclampsia cohorts were comprised of 4,210, 1,005, and 736 mother-infant pairs, respectively, before matching (Appendix 3, http:// links.lww.com/AOG/B635), and the final study population contained 712 mother-infant pairs in each of the three cohorts after a 1:1:1 match. Overall before matching, the hypertension and preeclampsia cohorts had higher proportions of women aged 35 and over, obese women and first pregnancies, as well as a higher comorbidity index scores compared with the uncomplicated cohort. The results after matching demonstrate the elimination of heterogeneity for these characteristics across the three cohorts ( Table 1) .
The mean combined maternal and infant medical care costs in the preeclampsia cohort of $41,790 were significantly higher than those for the uncomplicated cohort of $13,187 (P,.001) and hypertension cohort of $24,182 (P,.001) and were largely driven by differences in the infant costs (Appendix 5, available online at http://links.lww.com/AOG/B635). The mean infant cost in the preeclampsia cohort of $28,898 was almost 8 times greater than those for the uncomplicated cohort of $3,669 (P,.001) and more than double the mean infant cost for the hypertension cohort of $12,648 (P,.001) (Appendix 5, http:// links.lww.com/AOG/B635).
The estimated total incremental costs of preeclampsia were $28,603 ($3,374 for mothers and $25,229 for infants) compared with the uncomplicated cohort and $17,608 ($1,358 for mothers and $16,250 for infants) compared with the hypertension cohort.
The mean cost per infant was dependent on gestational age, ranging from a mean of $214,941 at less than 28 weeks of gestation to $6,071 at full term of 37 or more weeks of gestation. Average maternal costs by gestational week at delivery were generally stable and did not exhibit an increasing or decreasing trend with gestational age in each of the three cohorts (Table 2 , Appendix 6, available online at http://links. lww.com/AOG/B635). Commercial payments were substantially higher than Medicaid by about 2:1 overall (Appendix 7, available online at http://links.lww. com/AOG/B635).
Women with preeclampsia delivered at 36.5 gestational weeks on average, 3 weeks (95% CI 2.7-3.3) earlier than mothers with uncomplicated pregnancies, averaging 39.5 weeks of gestation, and slightly more than 2 weeks (1.9-2.5) earlier than mothers with hypertension, averaging 38.7 weeks of gestation. Women in the preeclampsia cohort had higher rates of cesarean delivery at 50.0% compared with 29.6% and 38.3% in the uncomplicated and hypertension cohorts, respectively, and greater rates of maternal adverse events. Infants in the preeclampsia cohort had higher rates of adverse events compared with the uncomplicated and hypertension cohorts with statistically significant differences (Appendix 8, available online at http://links.lww. com/AOG/B635). There was not a statistically significant difference between infant death rates in the uncomplicated (0.3%), hypertension (0.8%), and preeclampsia (0.7%) cohorts, which each had six or fewer observations.
The mean LOS for mothers in the preeclampsia cohort was 4.8 days, which was, on average, 2.5 (2.2-2.9) days longer than women in the uncomplicated cohort (2.2 days) and 1.6 (1.3-2.0) days longer than women in the hypertension cohort (3.1 days). The average LOS for infants in the preeclampsia cohort was 9.8 days compared with 2.1 days for infants in the uncomplicated cohort (ie, 7.8, 6.3-9.3 days longer) and 4.8 days for hypertension cohort (ie, 5.1, 3.6-6.6 days longer) ( Table 3 ).
DISCUSSION
The study shows that preeclampsia was associated with total estimated mean incremental costs of $28,603 per mother-infant pair compared with uncomplicated full-term pregnancies, and $17,608 compared with the pregnant women with hypertension (but not preeclampsia). Preeclampsia was also associated with lower gestational age at birth by approximately 3 weeks compared with mothers with uncomplicated pregnancies and 2.2 weeks for mothers with hypertension. The primary drivers of the incremental costs were high infant costs associated with preterm delivery and other infant adverse events. Women with preeclampsia had higher rates of cesarean delivery and maternal adverse events.
To date, Stevens et al 12 is the only other study that comprehensively evaluated the medical care costs associated with preeclampsia for both mothers and infants (based on a PubMed search from January 1, 1990-August 31, 2019; English language; humans; title/ abstract search terms: "preeclampsia" or "pre-eclampsia" and "cost"). Our total combined 2015 maternal and infant costs per preeclampsia birth of $43,009 were consistent with Stevens et al's 2012 cost, CPI-adjusted to 2015 U.S. dollars (multiplied by 1.08 13 ) of $44,196. However, our maternal and infant cost estimates differed substantially with infants being the primary drivers of total incremental costs of preeclampsia. Specially, our incremental infant costs of $25,229 and $16,250 compared with uncomplicated pregnancies and pregnant women with hypertension, respectively, were 2-3 times higher than $7,938 (2015 U.S. dollars) compared with nonpreeclamptic pregnancies; our maternal cost esti-mates were substantially lower, at $3,374 and $1,358, less than one half to one fifth of $7,110 (2015 U.S. dollars). Another difference is that our maternal cost estimates did not show a decreasing trend with increased gestational age at delivery.
These cost-related differences are consistent with key differences in study methods, including our use of important variables associated with higher risk pregnancies and potential confounders of preeclampsia by * Statistically significant differences when comparing maternal costs between the preeclampsia cohort and the uncomplicated cohort (P,.001) and between the preeclampsia cohort and the hypertension cohort (P,.001). † Statistically significant differences when comparing infant costs between the preeclampsia cohort and the uncomplicated cohort (P,.001) and between the preeclampsia cohort and the hypertension cohort (P,.001). ‡ Statistically significant differences when comparing maternal and infant combined costs between the preeclampsia cohort and the uncomplicated cohort (P,.001) and between the preeclampsia cohort and the hypertension cohort (P,.001). 14 compared with 12 months postdelivery. As a result, our study's maternal cost estimates minimized the possibility of capturing costs unrelated to preeclampsia. In addition, we included two comparison cohorts: uncomplicated pregnancies, restricted to full-term delivery with no complications as an upper bound comparison, and pregnant women with hypertension as a lower bound, compared with all nonpreeclamptic pregnancies. 12 Finally, we directly measured infant and maternal medical care costs using actual payment data independent of gestational age compared with imputed medical costs based on gestational week and adverse outcomes. This study is the first cost-of-illness analysis of preeclampsia using primary data to provide directly observable U.S. case-based health care cost estimates for both mothers and infants from a payer perspective LOS, length of stay. * Statistically significant differences when comparing maternal delivery encounter LOS between the preeclampsia cohort and the uncomplicated cohort (P,.001) and between the preeclampsia cohort and the hypertension cohort (P,.001). † Statistically significant differences when comparing the infant delivery encounter LOS between the preeclampsia cohort and the uncomplicated cohort (P,.001) and between the preeclampsia cohort and the hypertension cohort (P,.001).
as a recent search revealed no other cases. The use of comprehensive electronic health record information allowed linking of mother infant-pairs to develop and match cohorts on key confounding variables, including age, parity, comorbidities and BMI based on actual weight and height information as opposed to self-reported prepregnancy weight, which is less accurate. The ability to link comprehensive billing and clinical data to capture actual costs is another important strength of our study, compared with imputed cost estimates based on secondary analysis of multiple data sets or cost-to-charge ratios to develop case-based estimates.
Our study addresses the limitation noted in the Stevens et al study, 12 which did not incorporate a direct effect of preeclampsia on infant costs independent of gestational age, by using an actual matched study population including a diagnosed preeclampsia cohort and direct measurement of gestational age and medical care utilization and costs.
Limitations of our study include that the study population and data sources were from a single large integrated health system that had a modest sample size and may not be nationally representative, which limits subgroup analysis (eg, by geography or race) that could be of further interest to public health decisionmakers. 9 The study's payer perspective limits the estimate of the preeclampsia cost burden to direct medical care costs compared with a comprehensive societal perspective, which would include additional cost components (direct nonmedical and indirect costs) and a longer time horizon when appropriate, especially for infant adverse outcomes. There is also the possibility that the medical cost estimates do not reflect all services as the data sources do not capture medical care services provided outside the single integrated health care system. In addition, we observed a lower percentage of Medicaid as the payer in the preeclampsia cohort; this may have contributed to increasing the estimated cost differences, because payments from Medicaid are lower those than from commercial insurers.
Preeclampsia cost of illness studies such as ours increase understanding of the substantial health and economic burden of preeclampsia and may provide useful information to health decision and policy makers.
